In addition to action potential-evoked exocytotic release at neurohypophysial nerve terminals, the neurohormones arginine vasopressin (aVP) and oxytocin (OT) undergo Ca 2+ -dependent somatodendritic release within the supraoptic and paraventricular hypothalamic nuclei. However, the cellular and molecular mechanisms that underlie this release have not been elucidated. In the present study, the whole-cell patch-clamp technique was utilized in combination with high-time-resolved measurements of membrane capacitance (C m ) and microfluorometric measurements of cytosolic free Ca 
The process of Ca 2+ -dependent exocytotic fusion underlies the release of neurotransmitters for fast synaptic transmission and the secretion of neuropeptide hormones from presynaptic axon terminals. However, in addition to presynaptic sites of exocytosis, recent evidence indicates a strong likelihood for significant extrasynaptic vesicular release from somatodendritic regions of central and peripheral neurones, including those of the substantia nigra (Cheramy et al. 1981; Jaffe et al. 1998) , dorsal root ganglia (Huang & Neher, 1996) , and hypothalamic SON (Mason et al. 1984; Moos et al. 1984 ; Di Scala-Guenot B. L. Soldo and D. R. Giovannucci contributed equally to this work. et al. 1987) . The voltage and ionic dependence of this activity points to the involvement of Ca 2+ -dependent secretory mechanisms similar to those described for more conventional presynaptic sites of activity-dependent vesicular exocytosis (Giovannucci & Stuenkel, 1997; De Kock et al. 2003) . Thus, it has been suggested that somatodendritic release may function to regulate the behaviour of specific classes of neurones at the level of the cell body in an autocrine or paracrine fashion via extrasynaptic mechanisms.
Magnocellular neurosecretory cells (MNCs) of the SON are responsible for the synthesis and vesicular packaging of the neurohormones aVP and OT, which are then released into the bloodstream from their neurosecretory terminals within the neurohypophysis. In addition, results from push-pull perfusion or microdialysis experiments conducted in vivo and radioimmunological detection of peptide release from SON tissue explants have demonstrated that depolarization of MNCs, whether induced experimentally or by physiological stimuli such as parturition and suckling, elicits significant intranuclear release of OT within the SON (Mason et al. 1984; Di Scala-Guenot et al. 1987; Moos et al. 1989; Neumann et al. 1993) . Interestingly, this stimulated intranuclear secretion appeared to be decoupled from systemic release of the peptide, in that it continued after abatement of release of the neurohormone from the neurosecretory endings of the SON neurones (Neumann et al. 1993) . It was further shown that exogenous application of OT to isolated SON in vitro induced Ca 2+ -dependent release of OT (Moos et al. 1984) , and that this action correlated with the ability of OT to enhance the burst firing of OT-containing SON neurones (Lambert et al. 1993) . On the basis of these data it has been posited that the functional role of intranuclear release of OT is to facilitate its continued secretion by providing positive feedback via postsynaptic receptors within the hypothalamic nuclei. By contrast, the activity of SON neurones was found to be reduced when OT acted at presynaptic receptors located on excitatory afferent inputs to the nucleus (Kombian et al. 1997) . While the primary origin for the intranuclear release of OT remains unclear, the finding in anatomical studies that the rat SON contains few recurrent axonal collaterals (Mason et al. 1984 ) favours a major contribution from the dendrites and possibly somata of MNCs. Consistent with a somatodendritic origin of this intranuclear release are ultrastructural data that demonstrate the presence of large, dense-core secretory granules at somatic and dendritic sites in OT-and aVP-containing SON neurones and their clustering following high-potassium-induced depolarization (Pow & Morris, 1989; Wang et al. 1995) . In addition, stimulus-induced somatic release is abolished following treatment of OT neurones with tetanus toxin, implicating exocytotic fusion in this process (De Kock et al. 2003) .
A powerful and now widely adopted approach for monitoring secretory events in both endocrine cells and isolated nerve endings is to measure time-resolved changes in C m (Neher & Marty, 1982; Joshi & Fernandez, 1988; Lindau & Neher, 1988) . Changes in C m (referred to here as C m ) that are elicited in response to depolarization reflect changes in cell surface area due to the addition (exocytosis) or retrieval (endocytosis) of vesicular membrane and provide an 'on line' measure of secretory activity at the single cell level. Only recently has this method been applied to investigate the exocytotic activity of MNC somata (De Kock et al. 2003) . In the present study, we monitored C m in combination with whole-cell patch recording of I Ca and fura-2 microfluorometry to determine the characteristics of Ca 2+ -dependent vesicular release from the somata of supraoptic MNCs. Additionally, we sought to determine whether depolarization of neurones using physiologically relevant stimulus templates modelled on neuronederived action potentials could activate exocytosis. We demonstrate that membrane depolarizations that elicited robust I Ca and Ca 2+ influx evoked substantial C m responses. However, the exocytotic fusion of non-secretory organelles can be induced by high, non-physiological elevations in cytosolic Ca 2+ (for example, that induced by photolysis of caged Ca 2+ or intense stimulation by repetitive step depolarizations). Thus in addition in the current study we used physiologically relevant action potential based stimulation protocols to drive the fusion of secretory granules. Application of trains of action potential waveforms activated C m in the somata of MNC in a frequency-dependent manner. These data indicate that the somata of SON neurones contain functional exocytotic machinery to perform Ca 2+ -dependent secretion.
Methods

Neurone preparation
Acutely dissociated neurones of the hypothalamic SON were prepared from postnatal 17-to 25-day-old SpragueDawley rats as previously described . Briefly, 400-500 µm slices containing the basal hypothalamic nucleus were collected. Segments of tissue containing the SON were dissected from regions adjacent to either side of the optic chiasm. The tissue fragments were enzymatically treated at 37
• C with trypsin (Type I, 1.25 mg ml −1 ; Sigma, St Louis, MO, USA) and mechanically dissociated using several passages through a fire-polished Pasteur pipette. Dissociated neurones were plated onto poly-l-lysine-coated 35 mm culture dishes. Growth medium containing nerve growth factor was added approximately 1 h after plating. Neurones that had well-rounded cell bodies (14-38 µm) with no or only a few short extending processes were studied from 3 h to 1 day after plating. In a previous report, we had identified neurones of similar morphology as aVP-and OT-containing magnocellular SON neurones .
All animals were handled in accordance with University of Michigan Institutional Animal Care Committee and NIH guidelines. Animals were deeply anaesthetized by CO 2 gas and decapitated.
Electrophysiological recording of I Ca and C m
Voltage-and current-clamp recordings were obtained using the whole-cell variation of the patch clamp technique (Hamill et al. 1981) (Giovannucci & Stuenkel, 1997) . For current-clamp recordings of somatic action potentials, electrodes were filled with the following internal solution (mm): 130 potassium gluconate, 2 MgCl 2 , 10 Hepes, 1 EGTA, 0.5 CaCl 2 , 2 ATP, 0.1 GTP. Plated neurones were viewed through an inverted microscope and continuously superfused with a physiological saline of composition (mm): 140 NaCl, 1.2 MgCl 2 , 2.4 CaCl 2 , 10 Hepes, 11 glucose. For the recording of I Ca , 140 mm NaCl in the extracellular solution was replaced with 100 mm tetraethylammonium chloride (TEA-Cl), 67 mm cholineCl and 3.5 mm KCl. Both solutions were adjusted to pH 7.2-7.3 and 300-310 mosmol (kg H 2 O) −1 . Current records were digitally corrected for leak currents by using an online P/4 subtraction protocol.
All recordings were made at room temperature using either an Axopatch 200A amplifier (Axon Instruments, Inc., Union City, CA, USA) or EPC9 amplifier (Heka, Lambrecht, Germany). Whole-cell capacitance (15-30 pF) and series resistance (6-10 M ) were corrected using compensation circuitry on the patch clamp amplifier. Series resistance compensation of 75-85% was typically obtained without inducing oscillations. High-resolution C m measurements were used to monitor changes in membrane surface area (exocytotic activity) in response to large step depolarizations. The use of the whole-cell patch-clamp technique allows for the measurement of small, time-resolvable changes in C m ( C m ) by using a modified phase-tracking method (Joshi & Fernandez, 1988) . C m of isolated SON neurones was measured by monitoring the current response to a 30 mV r.m.s. sine wave at 1201 Hz applied to a holding potential of −90 mV. The current output of the voltage-clamp was monitored at two orthogonal phase angles, and the correct phase angle determined using a software-based phasesensitive detector (Pulse Control 4.5, Richard J. Bookman, University of Miami, FL, USA). A 19.1 kHz sampling rate (16 samples per sinusoidal period) was used to compute one C m point each 13.31 ms. Calibration pulses of 100 fF and 500 k were generated at the beginning of each trace by the whole cell compensation circuit and by dithering of the phase-tracking resistor, respectively.
Depolarizing voltage step commands of varying duration (5-200 ms) were applied from a holding potential (V h ) of −90 mV to generate inward I Ca and to evoke C m for each neurone tested. In later experiments, an action potential was recorded under current clamp from a representative SON neurone and reintroduced as the stimulus waveform during voltage clamp recording. These action potential waveforms were applied at various frequencies to activate I Ca and C m responses. Bath solutions were applied by local superfusion of the individual neurone under study using a modified U-tube delivery system as previously described . All data were analysed using an unpaired Student's t test, unless otherwise indicated, and expressed as means ± s.e.m. in the text.
Results
Features of depolarization-induced C m responses in isolated SON neurones
To examine for depolarization-evoked exocytosis in isolated SON neurones, measurements of I Ca , the associated changes in capacitance ( C m ) and (in selected experiments) intracellular Ca 2+ levels ([Ca 2+ ] i ) were performed under whole-cell patch clamp and with ionic conditions that isolated I Ca . Baseline C m was monitored for a period of 1 s after which the neurone was depolarized by a single 200 ms voltage step to +10 mV from a V h of −90 mV. This voltage clamp protocol elicited maximum inward I Ca responses in virtually all neurones examined under standard recording conditions and was therefore uniformly employed (unless otherwise indicated) to assess their capacity for Ca 2+ -dependent exocytosis. The I Ca responses of SON consisted of both rapidly inactivating and more sustained components, as revealed by inspection J Physiol 555.3 of the traces from three neurones depicted in Fig.  1A (lower traces). These currents have been previously characterized in detail in terms of their biophysical and pharmacological properties (Fisher & Bourque, 1995; Foehring & Armstrong, 1996; .
In response to a single depolarizing step to +10 mV, a large increase in C m above baseline was detected in nearly all neurones examined (in 40/47 neurones; Fig. 1A upper traces). The depolarization-evoked C m responses could be resolved into several kinetically distinct phases, beginning with an initial, rapidly activating transient component observed within 5-10 ms after termination of the voltage Step depolarization to +10 mV for 200 ms from V h = −90 mV evoked high-voltage-activated inward I Ca in each neurone that differed in peak amplitude and rate of inactivation. In cells labelled 1 and 2, a jump-like increase in C m was detected following delivery of a single depolarizing step. These C m responses were of long duration, typically lasting several seconds and in the case of one neurone, included a slowly developing second phase of gradually increasing C m (cell 2). In the third neurone, repetitive depolarization to +10 mV with a train of 12 pulses (50 ms in duration with 200 ms interpulse interval) evoked stepwise increases in C m that summed to form a robust and prolonged phase of increased C m , which decayed slowly back toward baseline over many seconds (cell 3). Note that significant Ca 2+ -dependent inactivation of I Ca occurred upon delivery of each successive pulse within the train (currents evoked by the initial and last test pulse are shown for comparison, lower traces). B, records from another MNC illustrate I Ca (lower) and C m responses (upper) evoked by depolarizing steps to +10 mV (trace x) or +70 mV (trace y) from V h = −90 mV in control media (left panel) and in the presence of the Ca 2+ channel blocker, Cd 2+ (100 µM) (middle panel). Stepping to +10 mV in control (left panel) evoked substantial inward I Ca (trace x), accompanied by a large increase in C m (trace x), consisting of a transient initial response and subsequent sustained phase with slower decay. By contrast, stepping to +70 mV in control (trace y, left panel) or to either test potential in the presence of Cd 2+ (traces x and y, middle panel) evoked negligible I Ca . Note that under these conditions where Ca 2+ influx was negligible, only the transient component of the C m increase was detected following depolarization to +10 mV (tracex in Cd 2+ ) or +70 mV (tracey in control and Cd 2+ ). To control for contamination of depolarization-evoked changes in C m by this transient component (termed C t in the text), control C m responses were corrected as shown (x -y trace, right panel) by subtracting the Ca 2+ -independent C t evoked by depolarization to +70 mV (trace y) from the total C m evoked by a step to +10 mV (tracex). Verticalscale bars are 0.5 nA and 1 nA for current traces in A and B, respectively, and the time scale is 50 ms in all cases.
pulse, which we will refer to here as C t . This response was followed by a slower and more prolonged phase of increased C m that differed from neurone to neurone in its peak amplitude, duration and rate of decay (compare cells 1, 2 and 3, Fig. 1A ). When isolated from C t (see below), the latter response was represented in 37/40 neurones by an initial jump in C m followed by a slower return of C m to the resting level over a period of a few seconds (Fig. 1A, cell 1 ). In the three remaining neurones, the C m responses were kinetically more complex and included a slowly increasing phase that developed with variable latencies after the initial jump in C m (Fig. 1A , cell 2).
C m responses of this type were more reliably observed when neurones were stimulated repetitively with trains of step depolarizations (8-12 voltage pulses; Fig. 1A , cell 3). Based on their similarity to exocytotic C m responses described in MNC nerve terminals (Lim et al. 1990; Hsu & Jackson, 1996; Giovannucci & Stuenkel, 1997) , we interpret the initial jump and latent increases in C m to reflect increases in membrane surface area that occur in response to depolarization-induced influx of Ca 2+ and activation of Ca 2+ -dependent vesicular fusion. Conversely, the subsequent decay of C m back to baseline has been shown to correspond to the net retrieval of vesicular membrane as the rate of endocytosis eventually exceeds that of the exocytotic response.
Correction of ∆C m for a Ca
2+ -independent C m signal
The component referred to here as C t closely resembled a transient, Ca 2+ -independent C m response to membrane depolarization that has been observed both in the isolated nerve endings of SON neurones (Giovannucci & Stuenkel, 1997) and in bovine adrenal chromaffin cells (Horrigan & Bookman, 1994) . These transient C m signals were found to be unrelated to Ca 2+ -dependent exocytosis, but rather were attributed to a redistribution of voltage-sensitive gating charges within the membrane (Bezanilla et al. 1982; Horrigan & Bookman, 1994; Debus et al. 1995) . The C t detected in SON neurones was reliably evoked under conditions of Ca 2+ channel blockade (100 µm Cd 2+ ), as well as following depolarizations to potentials close to the estimated value of E Ca (+70 mV under our recording conditions; Fig. 1B ). Similar to that previously shown for nerve endings, the C t amplitude was found to follow a Boltzmann-type relationship and saturated at steps above 0 mV (Giovannucci & Stuenkel, 1997) . These results indicate that C t was dissociated from voltage-dependent influx of Ca 2+ and thus does not reflect Ca 2+ -dependent exo-endocytotic activity. As the presence of C t interferes with measurement of the Ca 2+ -dependent C m response, a correction was performed on all C m measurements by doing a point by point subtraction of the C t elicited by a +70 mV voltage step from the entire C m response obtained upon depolarization to a test potential (routinely +10 mV) that elicited maximum inward I Ca (Fig. 1B,  correction trace) . Henceforth, the term C m will be used for the corrected step depolarization-evoked C m responses recorded in MNC somata.
Properties of ∆C m in SON neurones
The amplitude of the depolarization-evoked C m varied significantly between neurones (cf. traces from 3 neurones in Fig. 1A) , despite the fact that the magnitude and duration of the depolarizing test pulse were adjusted to produce maximal inward I Ca responses. On the other hand, successive C m that were evoked in a given neurone remained relatively constant for approximately 20 min following patch rupture, after which rundown in the C m response was common in all SON neurones tested. The variability in response among neurones, as well as the time-related changes in C m can be attributed in part to differences in the magnitude of Ca 2+ influx and secretory capacity of individual neurones. Presumably these differences correspond to the surface area of the respective somata (94-452 µm 2 ), the number and subtype complement of Ca 2+ channels, and/or in the respective number of proximal dendrites or axon stump length. The peak C m recorded in 10 neurones in response to a single 200 ms depolarizing step that evoked maximal I Ca ranged between 128 and 432 fF (mean ± s.e.m.; 248 ± 35 fF). These values correspond to the fusion of approximately 345 vesicles, assuming a dense-core vesicle diameter of 160 nm (Pow & Morris, 1989) and specific membrane capacitance of 9 fF µm −2 (Gentet et al. 2000) . Nevertheless, this value should be considered a low estimate since exocytosis was likely to be initiated before the end of the voltage pulse. Moreover, as C m measurements cannot distinguish between the fusion of large dense-core granules or microvesicles, nor distinguish between the temporally overlapping processes of exocytosis and endocytosis, these measurements may underestimate the secretory capacity of individual SON neurones.
Voltage and Ca
2+ dependence of evoked ∆C m Perfusion of SON neurones with the Ca 2+ channel blocker, Cd 2+ (100 µm), abolished the depolarizationevoked I Ca and any associated C m (Fig. 1B) . This result indicated that C m responses were largely dependent upon depolarization-induced influx of Ca 2+ through voltagedependent Ca 2+ channels. Likewise, the C m responses evoked by depolarizing pulses were abolished when the normal extracellular solution bathing the neurone was replaced with one containing no added Ca 2+ (n = 3). To further assess the dependence of C m on Ca 2+ influx, we determined the amplitude-voltage relationship for C m by evoking a series of I Ca and C m responses to single 200 ms depolarizing steps in increments of 10 mV from a V h of −90 mV. In conjunction with these recordings, ratiometric monitoring was performed of the corresponding changes in [Ca 2+ ] i in neurones that had been preloaded with the calcium-sensitive indicator, Fura-2. Figure 2A and B illustrates the results from a representative experiment. Figure 2C ] i gradually returned to resting levels over tens of seconds (Fig. 2B) . The lag in inducement of C m compared to Q Ca indicated that Ca 2+ ions entering the cell must overcome some threshold value for activation of Ca 2+ -dependent secretion, which under our experimental conditions represented a mean influx of 37.6 pC. Because our [Ca 2+ ] i measurements report global changes in intracellular Ca 2+ , we cannot deduce the nature of the Ca 2+ signal that triggers exocytosis in SON neurones. Nonetheless, an additional observation offers at least some initial insight regarding its identity.
In comparison to results obtained with standard internal solution (0.25 mm EGTA), our ability to evoke a C m in response to a single 200 ms depolarizing pulse to +10 mV was markedly reduced (absent in 3 of 4 neurones tested) when recordings were obtained with high EGTA (10 mm) in the recording pipette (results not shown).
Estimations of the size of the releasable vesicle pool and rate of somatic secretion
The above results underscore the similarity of the Ca 2+ -dependent exocytotic C m responses observed for both MNC somata and MNC nerve endings (Giovannucci & Stuenkel, 1997) . To further investigate this similarity we estimated the initial rate of somatic release using a series of step depolarizations of increasing duration to deplete the soma of the readily available pool of granules, using a protocol employed previously for MNC terminals (Giovannucci & Stuenkel, 1997) . The traces in Fig. 3A illustrate the results from a representative experiment in which we compared how the evoked I Ca , corresponding elevation in [Ca 2+ ] i and associated C m changed as a function of test potential duration. An increase in C m was first detected at a pulse duration of 20 ms, and the amplitude of C m became larger as the pulse duration was lengthened up to 200 ms. Likewise, the magnitude of the induced elevation of [Ca 2+ ] i also correlated with pulse duration. Figure 3B summarizes the results from 10 similar experiments, showing the mean C m responses measured for each duration of the depolarizing pulse examined. The continuous line represents the best linear fit of the data, providing an exocytotic rate of 1110 fF s −1 , or 1533 vesicles s −1 . It should be appreciated, however, that these estimations might somewhat underestimate the rate of exocytosis owing to overlap of depolarizing pulses of long duration with the initial phase of the evoked C m .
Properties of the delayed C m increase in SON neurones
In 3 of 40 neurones stimulated with single depolarization steps and in 6 of 11 neurones tested with trains of stimulations, the Ca 2+ -dependent C m response included an additional slowly increasing phase that emerged at variable latency after induction of the fast C m and persisted following completion of the underlying I Ca . As a result, the depolarization-evoked C m in these neurones was at least biphasic, with one or more inflections in the rising phase of the C m trace (see Fig. 1A , cells 2 and 3). The delayed C m responses, which we term the secondary secretory phase ( C m,s ), were only observed when neurones received single depolarizations 200 ms or longer in duration or after a repetitive series of eight to 12 pulses (50-200 ms) to test potentials that evoked maximal I Ca . The latency to onset, rate of rise and amplitude of the C m,s varied between neurones. Typically the C m,s began to rise 0.5-1 s after the onset of depolarization and reached a mean maximum amplitude of 225 ± 92 fF. ] i (c) evoked in response to step depolarization to +10 mV from V h = −90 mV, as a function of increasing the duration of the test pulse. Increasing the duration of the depolarizing step in roughly a 2-fold manner from 20 to 200 ms resulted in a concomitant lengthening in time course of the evoked I Ca (Aa) and progressive increases in the peak amplitude of the corresponding C m (Ab). Ac, the progressive increases in duration of the evoked Ca 2+ influx and in peak C m were paralleled by corresponding higher accumulations in [Ca 2+ ] i . B, plotting of the averaged C m evoked by depolarization +10 mV from V h = −90 mV in 5 neurones, as a function of test pulse duration, yielded a linear relationship that could be best described by the following function (straight line): C m = 1.11 × (pulse duration) + 27.2. The slope of this relationship indicates the initial rate of secretion was 1110 fF s −1 , or 1533 vesicles s −1 , under the present experimental conditions.
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It is worth noting that in MNC nerve endings, a similar, latent and slowly rising Ca 2+ -dependent C m increase can be evoked in response to prolonged or repetitive step depolarizations (Seward et al. 1995; Giovannucci & Stuenkel, 1997) . In this preparation, such responses required higher elevation in [Ca 2+ ] i for activation, compared to the initial C m and have been attributed, based on their additional properties (e.g. sensitivity to Ca 2+ diffusion and exogenous buffering), to secretion from a distinct releasable granule pool (RRP) of larger capacity (Seward et al. 1995; Giovannucci & Stuenkel, 1997) . The requirement of a larger Ca 2+ influx to evoke the C m,s was also found after normalizing the Q Ca for resting whole-cell C m , arguing against the possibility that this might be related simply to differences in cell size. The protocols required to generate the C m,s resulted in marked inter-trial variability and rapid rundown in the evoked C m , precluding a more vigorous analysis of this latent and more sustained secretory response. Nevertheless, the above results strongly suggest that a C m,s was only induced after the cumulative number of Ca 2+ ions entering the cell overcame a threshold whose value exceeded that required for activation of secretion from an immediately releasable pool. In addition, they are consistent with the hypothesis that somatic secretion in SON neurones may involve the recruitment and Ca 2+ -dependent exocytosis of granules from more than one vesicular pool, recapitulating at least to some degree the events associated with depolarizationevoked release from their neurosecretory nerve endings.
Activation of I Ca with action potential waveforms
The pulsatile stimuli used initially to examine for exocytotic activity in SON neurones generated Ca 2+ currents unlikely to be encountered during normal spike behaviour. Therefore, an additional series of experiments was performed to ascertain whether somatic secretion could be supported by Ca 2+ signals that more closely conform to those associated with physiological patterns of SON neuronal activity. For these experiments, we first recorded an action potential from a SON neurone under current clamp and reconstructed the action potential waveform (APW) for use as a voltage-clamp stimulus template to evoke action potential-generated currents. The APW depicted in Fig. 4A (upper trace) began from a baseline holding potential of −60 mV, and included an initial slow 2 ms voltage ramp to approximately −40 mV, followed by a rapid overshoot to approximately 20 mV and a subsequent rapid recovery back toward baseline, terminating with a slower afterhyperpolarization to −83 mV. The action potential properties depicted by this APW are similar to those previously characterized for SON neurone action potential firing recorded in vivo (Armstrong et al. 1994) and in slice preparations (Jourdain et al. 1998) . A negative-directed APW (nAPW) of identical morphology, but opposite polarity, was also constructed and used as a voltage-clamp template to measure leak (200 µM, asterick) . B, I Ca (middle traces) and C m (lower traces) evoked by presentations of APW stimuli in another neurone are shown on a compressed time scale, as compared to that in A, such that APWs (top traces) and I Ca (middle traces) appear as single lines above or below baseline, respectively. Baseline C m measurements were obtained at V h = −60 mV (lower traces) before delivery of a train of APWs at frequencies of 1 Hz (Ba), 13 Hz (Bb) and 22 Hz (Bc). The detection period for monitoring changes in capacitance in response APW presentations comprised a 15 ms window at the end of the second delivery of APW stimuli over a total 3 s stimulation time period, after which continual capacitance detection was performed for another 3 s (lower traces). Middle traces illustrate the evoked I Ca responses corresponding to each presentation of APW at the indicated frequency. current (not shown). The nAPW-generated leak current traces were subtracted from uncorrected APW-generated current traces to obtain a measure of the APW-evoked inward currents. Under the same recording conditions used above to study step-evoked HVA Ca 2+ currents, the APW-generated inward current response activated with peak depolarization of the APW, suggesting that this current required strongly depolarized potentials (>0 mV) for activation. The peak of the current response occurred during the falling phase of the APW (dotted line, Fig.  4 ). In addition, the current was reversibly blocked by Cd 2+ treatment (200 µm; Fig. 4A , lower traces). This indicated that Ca 2+ influx was through voltage-activated Ca 2+ channels. We have previously shown that these APWgenerated Ca 2+ currents reflect the activation of L-, N-, Rand P/Q-type Ca 2+ channels .
APW-generated secretory responses
In the following experiments, individual SON neurones were clamped to V h = −60 mV and baseline C m was measured, after which APWs were delivered as the depolarizing stimulus. The APW-evoked current responses were recorded during a train of APWs. C m measurements were captured in a 15 ms window and obtained at 1 Hz throughout the duration of the train (Fig. 4B ). We applied APWs at physiologically relevant frequencies. Measurements of C m (lower traces) obtained following presentation of each APW during a 3 s train of stimuli applied at a frequency of 1 Hz showed no change from baseline, as illustrated in Fig. 4Ba . Likewise, a 3 s train of APWs applied at frequencies up to 13 Hz (see Fig. 4Bb ) was ineffective in eliciting an increase in C m . On the other hand, trains of APWs delivered at these frequencies induced substantial I Ca (Fig. 4B , middle traces). In contrast, a robust C m was reliably evoked when APWs were presented at frequencies of 22 Hz or higher. For example, as shown in Fig. 4Bc , a robust C m response was elicited within 2 s following application of a 22 Hz stimulus. Interestingly, unlike step depolarizations, APWs did not elicit the C t . Neither nAPW nor trains of APW during Cd 2+ blockade of Ca 2+ influx induced a change in C m . Thus no subtraction protocol for these records was performed.
Milk ejection-like burst pattern of APWs maintains secretion
OT-and aVP-containing SON neurones have been shown to exhibit specific patterns of action potential bursting that can be correlated with particular types of physiological stimuli, including suckling and parturition. For example, during the milk ejection reflex that occurs with suckling, OT neurones demonstrate a specific bursting pattern of discharge (ME burst) that is believed to sustain secretion of OT that, in turn, supports milk production. The ME burst pattern, characterized by in vivo recordings from rats (Jourdain et al. 1998) , consists of a baseline discharge of low AP firing frequency (∼6 Hz) which, upon the burst, quickly reaches a peak frequency of firing of ∼33 Hz and then declines at a slower rate back to baseline (see Jourdain et al. 1998 - Fig. 4B1 ). In a final series of experiments, we closely modelled this ME burst pattern with trains of APWs (Fig. 5A ) and used this as a stimulus template to examine its ability to support exocytotic release from SON somata. When applied as the depolarizing stimulus, each APW in the ME burst template activated a brief inward current, as illustrated in Fig. 5B . The Ca 2+ currents evoked by consecutive APWs of the burst stimulus are represented sequentially on the condensed time scale by the downward strokes below baseline, and these responses appeared similar in morphology and peak amplitude to those already described. The corresponding C m response elicited by the ME burst of APWs is depicted in Fig. 5D (trace a) . The initial 1 s presentation of APWs at the baseline rate of 6 Hz did not elicit a C m . By contrast, the subsequent delivery of higher frequency trains of APWs, first at 33 Hz, followed by gradual changes in frequency to 11 Hz resulted in substantial increases in C m . Measurements taken 1 s after initiation of the 33 Hz train of APWs revealed a robust C m with incremental increases in C m registered after delivery of each successive 1 s train of APWs throughout the duration of the ME burst pattern. Interestingly, the C m continued to increase even as the frequency of APW presentation in the template declined below 22 Hz, a level estimated previously to represent the threshold for activation of a secretory response in these neurones (see Fig. 4B ). In fact, upon cessation of the ME burst, the C m trace displayed a slow, continual increase for a number of seconds thereafter. This latter result is entirely consistent with an increasing elevation in global [Ca 2+ ] i to a level capable of sustaining secretory responses. Presentation of an ME burst of 'negative' APWs (nAWPs) resulted in small inward leak currents (Fig. 5C ), but failed to elicit a C m response in this neurone (Fig. 5D, traceb) . Results similar to these were observed in three additional neurones examined in this manner.
Although we did not consistently identify OT neurones in this study, in some experiments we identified single soma-type postrecording using aVP-or OT-specific antisera (dot blot method previously described in . In 16 cases we were able to conclusively J Physiol 555.3 identify neurone type (roughly 50 : 50 distribution, one neurone expressing both aVP and OT). No consistent difference in the C m responses between the two cell types was observed. This indicates that the Ca 2+ -dependent C m increases can be induced in both OT and aVP soma and that stimulus pattern or frequency may be a Figure 5 . I Ca and corresponding ∆C m responses evoked by presentation of a physiologically relevant APW voltage template A, lower trace illustrates the composition of an APW voltage template modelled after an OT burst of action potentials during the milk ejection reflex (see Jourdain et al. 1998 ; Fig. 4B1 ). The OT-patterned APW burst was comprised of multiple 1 s segments, apportioned into successive trains of individual APW at frequencies of 6, 33, 33, 22, 13, 13, 11, 11, 11 and 6 Hz. B, continuous recording of individual I Ca responses evoked in response to the OT-like train of APWs. Note the small decrement in peak amplitude of I Ca evoked at the higher frequency APW trains (33 and 22 Hz), and restoration of peak amplitudes that occurs with delivery of the subsequent lower frequency trains. C, leak current responses evoked by deliverying a burst of negative APWs applied at the same frequencies as the OT-patterned burst of APWs. D, baseline capacitance measurements were obtained for several seconds before presentation of the OT-patterned APW burst. Subsequent to initiation of the burst, C m measurements were obtained once every second within a 15 ms window (tracea). C m measurements were also obtained during a similar train of nAPWs (trace b). Note that increases in C m were first evoked during the 33 Hz APW trains, and then either continued to increase or reached a plateau with presentations of APW trains at lower frequency.
major determinant of electrical activity-induced release characteristics.
Discussion
There is a growing consensus that the neuropeptide OT regulates rhythmic electrical activity and development of MNCs at the level of the SON. It has been proposed that MNCs may independently regulate the pulsatile release of OT via positive retrograde signalling (Moos et al. 1984; Jourdain et al. 1998 ) and the inhibition of excitatory afferents (Hirasawa et al. 2001; Kombian et al. 2002) . In addition, OT signalling has been proposed to induce morphological and developmental changes in MNCs (Chevaleyre et al. 2000 (Chevaleyre et al. , 2001 .
In this paper we used time-resolved membrane capacitance measurements to directly demonstrate that isolated MNC somata undergo Ca 2+ -dependent secretory activity. Importantly, our work reveals that the neuronal somata exhibit multiple phases of C m , indicating that there are functionally distinct secretory granule pools, similar to that observed in their isolated nerve terminals (Lim et al. 1990; Seward et al. 1995; Hsu & Jackson, 1996; Giovannucci & Stuenkel, 1997; Nowycky et al. 1998) . The Ca 2+ and activity dependence of these phases indicate that functional exocytotic machinery is also present in the somata and that Ca 2+ -dependent exocytotic activity underlies somatodendritic peptidergic secretion. Thus, modulation of the sizes of these granule pools might provide a basis for plasticity of the secretory response to meet specific physiological demands.
C m detection in conjunction with whole-cell voltage clamp revealed that exocytotic events were preferentially evoked with depolarizing voltage steps or with high frequency action potential waveform stimulations that evoked substantial Ca 2+ 2+ -dependent increases in C m eventually saturate and that this property may reflect the release from, and the eventual depletion of, a rapidly releasable pool of vesicles that are primed and docked at the cellular membrane (Giovannucci & Stuenkel, 1997 ). The C m increase detected immediately following a brief depolarization was interpreted to reflect the exocytosis of a subpopulation of vesicles that are immediately available to fuse with the membrane. Likewise, stepwise changes in C m were evoked in MNC somata in response to brief depolarizations, and these changes eventually saturated when challenged by repetitive stimulations. The diminution of the C m occurred despite evidence that [Ca 2+ ] i continued to increase beyond this point. This observation is consistent with the depletion of an immediately releasable pool of granules that is sensitive to localized domains of high Ca 2+ influx. In several neurones we detected a delayed and persistent C m that was initiated during repetitive pulses or that appeared to activate several seconds beyond termination of long-duration pulses. Because of the variability of the delayed C m , and the small number of cells that exhibited this profile, we did not investigate these events further. However, similar responses have been described in neurohypophysial nerve endings and chromaffin cells and postulated to reflect the recruitment of a slowly releasable pool of vesicles.
Although we clearly demonstrated that step depolarizations applied either repetitively or with long duration could evoke secretory activity, we also tested whether such activity could be induced using stimulations and experimental conditions that were more physiologically relevant. An additional set of experiments demonstrated that action potential waveforms, capable of activating short duration inward I Ca , could evoke C m in SON neurones if applied in trains of greater than 22 Hz. The Ca 2+ efficacy of trains of high-frequency APW stimulations to evoke exocytotic responses may be greater than that of depolarizing pulses due to a relationship between Ca 2+ entry and the interpulse interval between stimulations (Engisch et al. 1997) . That intermittent stimulations can maintain increases in C m suggests that the secretory machinery is capable of summating small quantities of Ca 2+ entry per APW stimulation. Moreover, the repetitive stimulus protocol used here spans several seconds, which provides sufficient time for activation of Ca 2+ -dependent signalling systems. In addition, recent evidence suggests that Ca 2+ -induced Ca 2+ release or OT or AVP evoked Ca 2+ release from internal Ca 2+ stores might play a role in modulating the release of peptide from the cell bodies of MNCs.
Our results support previous findings that have indicated exocytotic activity at extrasynaptic sites. Ultrastructural data have provided indirect evidence that is consistent with the exocytosis of vesicles at both synaptic and non-synaptic somatodendritic sites (sympathetic ganglia: Zaidi & Matthews, 1997; supraoptic nucleus: Pow & Morris, 1989; Wang et al. 1995) . Direct measurements obtained using amperometry and singlecell immunoblots have provided strong evidence for Ca 2+ -dependent secretion of monoamines and neuropeptides from cell bodies in central and spinal cord neurones (substantia nigra: (Cheramy et al. 1981; Jaffe et al. 1998 ; dorsal root ganglia: Huang & Neher, 1996) .
The C m measurements of suproptic neurones described in the current study and one previously reported indicate that electrical activity at the cell soma can induce Ca 2+ -dependent exocytotic activity. These data largely agree with C m measurements of supraoptic neurones recently reported by de Kock et al. (2003) . However, whereas de Kock et al. observed C m changes induced by application of a single AP waveform, a major observation of our study was that repetitive application of AP waveforms was required to evoke C m increases. Application of a single AP waveform under our conditions induced only a Ca 2+ -independent C m transient, consistent with our previous demonstration that a short-duration depolarization (<5 ms) in isolated neurohypophysial nerve terminals was ineffective at consistently evoking an exocytotic response. The observation that robust, prolonged electrical activity that induced substantial rises in [Ca 2+ ] i was required to induce somatic C m increases indicates that dendritic release of peptide may be highly regulated. Thus, although our work and the work of others (Kombian et al. 1997; De Kock et al. 2003) clearly indicates that Ca 2+ influx through voltage-dependent Ca 2+ channels can induce the release of neuropeptide, it does not suggest that influx is necessarily the preferred route by which OT is released from dendrites. In fact work of Ludwig et al. (2002) demonstrated that increases in dendritic [Ca 2+ ] i activates and enhances OT release, whereas back propagation of AP from the neural stalk was ineffective. As such, the apparent differences in the control of peptide release reported in these studies may indicate modulation of size of the releasable pool of secretory vesicles and the plastic nature of somatodendritic secretion.
Thus, our work supports and extends the concept of somatodendritic release as an important regulator of J Physiol 555.3 hypothalamic rhythmicity and development, and indicates that exocytotic release of peptide from somata or dendrites participates in a bidirectional pathway for communication between pre-and postsynaptic elements within the SON.
